Objective: Stroke is a serious complication to cardiac surgery, and is generally considered as a uniform disease regardless of its temporal relationship to surgery. Our hypothesis suggests that stroke, in association with surgery, reflects other characteristics than stroke occurring with a free interval. This issue was here explored for risk factors and survival effects. Methods: Data were collected from 7839 procedures of isolated coronary artery bypass grafting (CABG), 297 off-pump CABG, and 986 combined CABG and valve procedures. Records of patients with any signs of neurological complications were reviewed to extract 149 subjects with stroke at extubation (early, 1.6%) versus 99 patients having a free interval (delayed, 1.1%). Survival data were complete, with a median follow-up time of 9.3 years (maximum 16.3 years). Independent risk factors were analyzed by logistic regression and survival by Cox regression. Results: Risk factors for early stroke were advanced age, high preoperative creatinine level, extent of aortic atherosclerosis, and long cardiopulmonary bypass time (all P < 0.001). Factors associated with delayed stroke were female gender (P < 0.001), unstable angina (P = 0.003), previous cerebrovascular disease (P = 0.009), inotropic support requirement (P < 0.001), and postoperative atrial fibrillation (P < 0.001). Stroke explained mortality not only in the early postoperative period (P < 0.001), but also at long-term follow-up (P < 0.001). Early and delayed stroke were associated with mortality hazard ratios (HRs) of 1.44 and 1.85 (P = 0.008, P < 0.001), respectively. However, for patients surviving their first postoperative year, early stroke did not influence long-term mortality (HR 1.07, P = 0.695). This was in contrast to delayed stroke (HR 1.71, P = 0.001). Conclusions: Early and delayed stroke differed in their related risk factors. The influence of stroke on short-term mortality was obvious and devastating. Mortality in association with early stroke mainly presented itself in the acute period, whereas for delayed stroke survival continued to be impaired also in the long-term perspective. Our report emphasizes that early and delayed stroke should be considered as two separate entities. #
Introduction
Stroke is a devastating complication to cardiac surgery, with a reported rate between 1.6% and 8.4% [1, 2] . Previous studies have described numerous risk factors behind stroke, for example, advanced age, female gender, history of cerebrovascular events, impaired left ventricular function, and atherosclerosis of the ascending aorta [1, 3] . Off-pump coronary bypass (OPCAB) has been reported to offer a lower risk of stroke [4] . In the majority of previous studies, stroke, in association to cardiac surgery, has been investigated without considering the timing details. However, only a few reports have analyzed to what extent stroke occurring during operation differs in characteristics compared with those occurring in the postoperative period [1, 5, 6] . Hogue et al. reported the rate of early and delayed stroke to be 0.6% and 1.0%, respectively, with the two groups carrying different risk factors [1] .
Perioperative stroke results in longer hospital stay and also in a higher in-hospital mortality [1, 7, 8] . Many studies have only focused on the short-term consequences of stroke, whereas the knowledge regarding the long-term survival effects of stroke is limited. Dacey et al. analyzed coronary artery bypass grafting (CABG) and concluded that the greatest risk of death was within the first postoperative year, but with a sustained mortality effect during the following 10-year follow-up [9] . However, their study did not separate stroke into early versus delayed type. Other available studies have described this subdivision of stroke, but have not analyzed the potential group difference in terms of risk factors [6, 10, 11] .
We hypothesized that early and delayed stroke represent two different entities with different influences on survival.
Therefore, the purpose of this study was to separately examine early and delayed stroke for risk factors, and to analyze their individual impacts on short-and long-term survival.
Materials and methods

Patient population
Database inputs were collected from adult patients operated upon at the Cardiothoracic Surgery Department, Heart Center, Umeå University Hospital between January 1994 and December 2004. During this period, the recorded variables were managed consistently. Three surgical groups were extracted; isolated CABG, OPCAB, and coronary surgery in combination with aortic and/or mitral valve procedures (COMB), in a total of 9235 procedures. Five of these patients were excluded due to foreign citizenship and hence were not available to survival follow-up. The analysis aimed at evaluating survival effects of stroke. A stroke diagnosis was required, and, therefore, patients dying in the operating theater (n = 18) or within the following 24 h (n = 32) were excluded. Patients with short episodes of neurological symptoms (i.e., transient ischemic attacks) were excluded (n = 28) to avoid uncertain events. A few patients had neurological deficits explained by other etiologies (e.g., spinal cord ischemia, preoperative symptoms, or global ischemia due to heart-lung resuscitation). These were also excluded (n = 30), leaving a total of 9122 patients for analysis. Redo procedures accounted for 4.5% of the operations (Table 1) . Therefore, some patients reoccurred in the data set. These repeated patients were handled as separate cases in the analyses. The study protocol was approved by the local ethics committee.
Stroke review protocol and definitions
The database had a prospective input of data. Data were entered on a daily basis from the time of patient referral until hospital discharge, including operating room, intensive care unit (ICU) and ward length of stay. Inputs were from surgeons, anesthesiologists, intensivists, perfusionists, and nurses. Overall, 53 variables were extracted for analysis, and their mode of categorization is listed in Table 2 . In addition, the database contained 17 variables (not listed in Table 2 ) describing neurological symptoms. Patients with any type of neurological symptoms were screened for using these variables, which widely extracted potential stroke events. This search yielded 523 subjects for further analysis. The records of these patients were reviewed in detail, according to a protocol, to confirm the diagnosis of stroke and to separate the patients into early and delayed stroke groups. For most patients, the diagnosis was obvious at the time of the event. For patients with uncertain diagnosis, the pattern of symptoms, neurologist's report, and computed tomography (CT) findings were evaluated to confirm the stroke. Stroke criteria were fulfilled in 248 patients. The remaining patients for whom the stroke criteria were rejected were grouped together with the control subjects. The control group contained 8874 patients.
Stroke definitions were according to routine guidelines [12] [13] [14] , and included any new focal or global neurologic deficit lasting for more than 24 h. Early stroke was defined as symptoms observed at extubation (n = 149), whereas delayed stroke followed a symptom-free interval after extubation (n = 99). Of the reviewed patients, a neurologist was consulted in 52% of events, and for 84% of the patients, a CTscan was performed. Stroke appearing after discharge was not considered in this study.
An overview of demographic details is listed in Table 1 . The present study includes a subgroup of 2082 patients previously analyzed and published, with respect to stroke symptoms and CT findings [8, 15] .
Database definitions
In general, preoperative variables had a definition according to contemporary scores, Parsonet, Higgins, and EuroSCORE (European System for Cardiac Operative Risk Evaluation). All patients were evaluated for aortic quality by a semi-quantitative scale at three levels, based on palpation at surgery. In more recent years, epi-aortic scanning has also been used for evaluation. Left ventricular function was assessed by either ventriculography and/or echocardiography. The function was graded as good, reduced, or poor, approximately corresponding to ejection fractions of >50%, 30-50%, and <30%, respectively. Patients were monitored by continuous electrocardiography (ECG) during a minimum period of 48 h, postoperatively. Beyond this period, occurrence of arrhythmia was evaluated by nurses and physicians, at least every 8 h, or, more frequently, if rhythm disturbances were suspected. The follow-up data on all-cause mortality were collected from the Swedish population registry, using the 10-digit national identification number. The survival data presume 100% accuracy, and included the exact day of death. Survival follow-up was closed on 6 May 2010. The used variables are further described by their mode of categorization shown in Table 2 .
Statistics
Extracted database variables were tabulated (Excel, Microsoft Corp, Redmond, WA, USA) and analyzed (Statistical Package for Social Sciences (SPSS) release 16.0 for Windows, SPSS Inc, Chicago, IL, USA). Continuous variables were categorized into multiple levels. This was done to avoid identified non-linear characteristics. The reference category aimed to account for normal-type values and to include the majority of observations. The intervals for the remaining categories were adjusted in view of their distribution and clinical relevance. The period of surgery was added as a variable to compensate for possible variation in surgical management and care during the 11-year period of inclusion (Table 2) . Some variables showed an obvious collinearity, the typical example being surgery time, which includes time during cardiopulmonary bypass (CPB). To reduce this effect, CPB time was subtracted from surgery time to create a new independent variable. Aortic clamp time showed a similar phenomenon against CPB, although these two variables remained unchanged to reflect the ischemic period versus general CPB effects. All three surgery groups shared coronary disease, but were obviously different in other aspects. The type of surgery was here treated as a predictor variable rather than analyzing the three groups separately.
Univariate predictors of stroke were assessed using the chi-square or Fisher's exact test. All univariate predictors having a P value 0.15 were included in the multivariable logistic regression model. The two stroke groups were tested independently against the control subjects in both univariate and multivariable analyses. Regression analyses used a forward approach, but were manually confirmed in backward mode. Variation explained by the logistic models was evaluated by the Nagelkerke R 2 test. Furthermore, the goodness of fit was analyzed by the Hosmer-Lemeshow method. The two stroke groups were compared in a univariate subanalysis to test their difference.
The database contained missing observations, overall 6.7% among the 53 used variables. Missing observations were placed in a separate category in the analyses rather than applying case-wise deletion. If the missing-data category had a significant influence at multivariable testing, then, subjects with missing data were omitted by case-wise deletion. This condition applied for none of the variables in the logistic regressions and for three variables in the Cox models.
For survival analyses, the starting point of follow-up was the stroke event. For non-stroke subjects, this corresponded to the day of surgery. Kaplan-Meier estimates and log-rank testing were performed for mortality rate comparisons. Variables affecting survival in the univariate analysis (P value 0.15) were analyzed in a Cox regression model. The analysis focused on isolated CABG procedures only, to obtain a more homogeneous cohort and to avoid complex valverelated co-morbidities. Similarly, OPCAB patients did not share CPB-specific variables, which would have complicated the analysis.
The Cox regression analysis was repeated to focus on mortality beyond the acute phase. This was done to avoid the impact of stroke on early mortality, which was substantial. Patients who survived their first postoperative year were then analyzed, with their survival status reset at 1 year. Moreover, the mortality impact of stroke was studied as a function of various follow-up periods. In this analysis, the follow-up time was shortened and the survival data were adjusted. Events beyond the shortened time period were disregarded. The impact of stroke was re-evaluated by multivariable backward Cox regression.
Data are presented as median values with quartiles, odds ratio (OR), or hazard ratio (HR) with 95% confidence intervals (CIs). A P value 0.05 was considered significant.
Results
Relationship of type of surgery and stroke
Patient characteristics are presented in Table 1 . The overall stroke occurrence was 2.7%. Early and delayed stroke accounted for 1.6% and 1.1%, respectively ( Table 1) . Type of surgery was a significant univariate risk factor to explain early stroke (P < 0.001) but not for delayed stroke (P = 0.075, Table 3 ). For early stroke, CABG patients had a lower frequency compared with COMB (P < 0.001, Table 1 ). The frequency of stroke after OPCAB was significantly less as compared with that after CABG, when the overall stroke rate was considered (CABG vs OPCAB, P = 0.011). However, none of these findings was confirmed significant in multivariable analysis.
The median free interval for delayed stroke was 3 days (quartile range 2/5) (Fig. 1) . This interval did not differ significantly between CABG and COMB procedures. None of the OPCAB patients presented with delayed stroke. In comparison to the findings shown in Fig. 1 , the median length of stay was 9 (8/11) days.
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Univariate and multivariable predictors of stroke
Numerous variables affected the occurrence of early and delayed stroke (Table 3) , exemplified by advanced age. The stroke rate was also higher in patients with a history of prior cerebrovascular disease. Multivariable logistic regression analysis was performed based on 29 or 25 variables for early and delayed stroke, respectively. The results are presented in Table 4 . The two stroke groups did not share any risk factors. The Nagelkerke R 2 values were 0.167 and 0.076 for early stroke and delayed stroke, respectively. These values describe a relatively poor explanatory model, although highly significant. The Hosmer-Lemeshow test supported an appropriate match between observed and predicted observations, exemplified by an output value of P = 0.653 for delayed stroke.
The groups of early and delayed stroke were tested against each other. The hypothesis was confirmed and the two groups showed significant differences in the characteristics of numerous variables (Table 5 ).
Survival analysis
The 30-day mortality was 1.1% for the entire study group. This percentage excluded deaths occurring within the first 24 postoperative hours. With this mortality considered, the corresponding figures were 1.6%. Survival data were complete for all included patients, with a median followup of 9.3 (6.7/12.2) years and a maximum of 16.3 years. This corresponded to 83 248 patient-years.
The 30-day mortality after early stroke was 14.1% and after delayed stroke 8.1%, which contrasted to 0.8% among control subjects (group P < 0.001). Within this short-term perspective, there was no difference in survival status between the two stroke groups (P = 0.189). Further analyses focused on CABG patients only. Fig. 2 shows the survival curves of the two stroke groups versus control subjects. Patients with early and delayed stroke had a significantly shorter survival compared with controls (P < 0.001). The 1-year survival was 80.2% and 87.1% Table 6 . To investigate the temporal impact of stroke, the followup time of survival was shortened stepwise. The influence of stroke on mortality presented the highest impact in the early period. At 6-month's follow-up, the HR was 12.26 (CI 6.27/ 23.97) and 6.53 (CI 2.73/15.63) for early and delayed stroke, respectively. The corresponding figures at 1-year follow-up were 5.46 (CI 3.13/9.53) and 3.76 (CI 1.82/7.75), respectively. In the long term, the HR asymptotically reached the levels presented in Table 6 , with reference to the entire follow-up period. Patients with early stroke showed an apparently higher early mortality than their delayed counterparts (Fig. 2) . However, when this assumption was tested and the calculation was restrained to the first postoperative year, this potential difference was not confirmed (P = 0.100). The lack of significance might reflect the limited numbers of stroke patients and mortality events.
It is obvious that mortality in near association with the stroke event was substantial. To analyze the effect beyond the acute phase, the Cox regression was repeated to include only patients who survived their first postoperative year. The revised cohort accounted for 98% of all CABG patients. In this analysis, the occurrence of delayed stroke remained an independent predictor of mortality with HR being 1.71 (CI 1.24/2.36, P = 0.001). This was in contrast to early stroke subjects, among whom the accumulated mortality did not differ against the control group (HR 1.07, CI 0.768/1.49, P = 0.695). The curve patterns in Fig. 2 , beyond 1-year follow-up, illustrate these findings.
Discussion
Neurological complications are a major concern in cardiac surgery, both for patients as well for health care in general. Our study was designed to identify underlying risk factors behind surgery-related stroke and to evaluate the impact of stroke on patient survival, as hypothesized. A difference between early and delayed stroke was anticipated in our hypothesis and these two groups were here separated. Our findings confirmed the prelaid hypothesis in showing significant differences between patients who experience early stroke from those who developed delayed stroke.
Several demographic risk factors behind stroke have been suggested in previous studies [3, 16] . CPB exposure has also been addressed, in relation to potential OPCAB benefits [4] . However, it can be speculated that many of these risk factors depend on how the stroke variable was defined and handled. In the majority of previous studies, including large cohort analyses, stroke was not subdivided into early and delayed form [4, 16] .
In our analysis, early and delayed stroke did not share any independent risk factors. The difference was statistically confirmed when the two stroke groups were tested against each other. Atherosclerosis and its destructive effect on the aortic wall is a known cause for early postoperative stroke. Severe aortic calcification was here associated with a fivefold risk for early stroke. Raised creatinine levels, even moderately, predicted early stroke, through a potential atherosclerotic mechanism. Early stroke, but not delayed stroke, was associated with surgery that is more complex. CPB time was an independent risk factor, rather than the type of surgery. CABG patients who underwent CPB had an apparent higher stroke rate compared with those who underwent OPCAB. This issue has been previously addressed [4, 5] . Nevertheless, when background demographic variables were accounted for, the potential benefit of OPCAB was not confirmed in our study. The OPCAB patients did not share all of the intra-operative variables considered in the two other surgery groups. This fact was adjusted for in the calculations, although this correction did not change the results. However, it must be emphasized that OPCAB patients were few and the majority of OPCAB patients at our unit had a low-risk profile.
Delayed stroke had a dual risk pattern, with both a demographic and a postoperative influence. Intriguingly observed, female subjects presented a twofold risk for stroke compared with males, an observation that is supported by previous reports [1, 6] . The importance of prior cerebrovascular disease in predicting delayed stroke has also been historically reported [1] . However, it is a challenge to explain the role of unstable angina emerging in our statistical analysis as a risk factor. It can be speculated that anticoagulationtherapy withdrawal may have rebound effects during the postoperative period with thrombotic complications. Of the two postoperative risk factors, atrial fibrillation is intuitively understood as an embolic mechanism. The other factor, inotropic requirement, is also known to induce atrial fibrillation [17] . Nevertheless, we found that inotropic requirement was statistically independent of atrial fibrillation, the former more likely reflecting a poor cardiac function. Hogue et al. reported that atrial fibrillation, in combination with low cardiac output, was associated with delayed stroke [1] , and their findings are in line with ours.
Delayed stroke typically occurred in the early postoperative period, with a peak occurring in the third postoperative day. This observation is similar to that previously observed [5] . From the time distribution of delayed stroke, it can be presumed that the great majority of potential delayed-stroke events occurred within the time of hospitalization. Delayed stroke has no generally accepted definition, and here referred to the period of hospitalization only.
Our survival analysis focused on CABG patients only. In overview, the results illustrated dramatic effects of stroke on mortality, in particular in the early postoperative period. In multivariable analysis, patients with early and delayed stroke had an increased mortality risk (HR 1.44, CI 1.10/1.89 and HR 1.85, 1.39/2.46, respectively). These rather moderate hazards refer to the long-term comparison against control subjects. In the long-term perspective, other causes of death affect these hazards in the multivariable model. On the other hand, in short-term perspectives stroke was associated with a substantial mortality. This was statistically confirmed by means of a step-wise shortening of the follow-up time. At 6 months, the corresponding HRs indicated a 12-fold and sevenfold increased risk of death for early and delayed stroke, respectively. This phenomenon has statistical implications when the results from other studies are to be compared. A short follow-up generates a higher hazard from the impact of stroke-related early mortality.
Early stroke showed a trend toward a higher mortality in the acute postoperative period compared with delayed stroke. However, this finding was not statistically confirmed. A type-II error must be considered in view of the limited number of stroke events. The influence of stroke on mortality diminished for patients who survived their first postoperative year. Nevertheless, patients suffering from delayed stroke continued to have a higher long-term mortality compared with stroke-free controls, as evident from multivariable testing. By contrast, early stroke patients surviving their first postoperative year had a near-identical survival expectancy compared to that of control subjects. This finding indicates a potential difference between the two stroke groups, although challenging to interpret. It can be speculated that delayed stroke is affected by postoperative mechanisms that continue to influence the long-term survival. This goes in parallel with the observed difference of independent risk factors between the two stroke groups. An example for delayed stroke is atrial fibrillation and embolic events, which may reoccur after discharge. On the other hand, early stroke largely reflects surgical events to which the patient is not further exposed.
In analyzing survival after stroke, the number and appropriateness of available parameters are of importance, which may explain inconsistencies between studies. Moreover, the subdivision into two stroke groups must also be considered. Dacey et al. reported a HR of 3.2 at 10-year follow-up, although early and delayed stroke was not subdivided in their analysis [9] . This risk level is slightly higher compared with our findings. There are additional and similar studies available in terms of survival rates. Filsoufi et al. reported survival data up to 5 years [6] , which are in accordance with our results. Again, their results referred to overall stroke without subdivision into early and delayed form. The knowledge about survival beyond 10-year followup is rare, which justifies our study.
Study limitations
Stroke is a complex clinical problem and involves multiple aspects. This study analyzed survival outcome but lacked information on functional status and quality of life. Possible stroke events occurring after discharge were not considered. Moreover, our study had no data regarding the anatomical localization of the lesions. It was also limited by its retrospective design, although data were collected in a prospective fashion. Furthermore, database studies do not reach beyond the quality of their documented data. This was partly compensated for by reviewing clinical records of all patients with neurological complications reported in the database. Noteworthy is that the logistic stroke model yielded a moderate explanatory level. This may illustrate two phenomena: either the available parameters were not sensitive enough to explain stroke fully, or, the event may just reflect bad luck, regretted by the surgeon and suffered by the patient.
Conclusions
Postoperative stroke is a devastating complication to cardiac surgery. It not only devalues successful surgical results but also severely affects survival. Mortality in association with early stroke mainly occurred in the acute phase, whereas, for delayed stroke, the mortality was increased also beyond the first postoperative year. Of specific importance, different risk factors contribute to early and delayed stroke. It is here emphasized that early and delayed stroke should be considered as two separate entities.
